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Introduction
For many wild populations, phenotypic changes in trait
values can have contemporary effects that substantially
inﬂuence population dynamics (Hairston et al. 2005;
Coulson et al. 2006). Such effects may be especially strong
for species that are subject to ﬁshery selection (Law 2000;
Allendorf and Hard 2009; Darimont et al. 2009). Fishing
mortality rates often exceed natural mortality rates, and
ﬁshing practices can selectively remove larger individuals
from the population, potentially resulting in rapid evolu-
tion of ﬁshed populations (reviewed by Stokes et al. 1993;
Browman et al. 2000). Evolutionary changes such as
reduced growth rate of adults and smaller size at maturity
have been demonstrated conclusively in laboratory set-
tings (Conover and Munch 2002). However, the full
extent of evolutionary responses to ﬁshery selection in
natural populations may be complex. For example, even
if selection acts on only a single trait, other traits that are
genetically correlated may also evolve (e.g. Lande 1979).
Predicting the response of ﬁsh populations to ﬁshery
selection will therefore require accurate estimates of
inheritance parameters for relevant traits in wild popula-
tions. Although such information may be difﬁcult to
obtain, there is a pressing need for estimates of additive
genetic variances for traits under direct selection, as well
as genetic correlations between related traits (Law 2000,
2007).
A major challenge for estimating inheritance parame-
ters in marine ﬁshes is that many species are broadcast
spawners and most species have highly dispersive larvae.
These life-history features make it difﬁcult to ﬁnd close
relatives in the wild and difﬁcult to compare the traits
of relatives across generations. However, important
responses to selection may occur in larval and early juve-
nile phases. Small changes in the survival rates of marine
Keywords
carryover effects, frequency-dependent
selection, frequency-independent selection,
hard selection, larval quality, maternal effects,
quantitative genetics, rapid evolution,
recruitment, soft selection.
Correspondence
Darren W. Johnson, National Center for
Ecological Analysis and Synthesis, 735 State
St., Santa Barbara, CA 93101, USA.
Tel.: +805-892-2519;
fax: +805-892-2510;
e-mail: johnson@nceas.ucsb.edu
Received: 04 February 2011
Accepted: 08 February 2011
First published online: 2 April 2011
doi:10.1111/j.1752-4571.2011.00185.x
Abstract
Correlated genetic responses have been hypothesized as important components
of ﬁshery-induced evolution, although predictive data from wild populations
have been difﬁcult to obtain. Here, we demonstrate substantial genetic correla-
tions between a trait often subjected to ﬁshery selection (adult body length)
and traits that affect survival of larvae (length and swimming performance) in
a wild population of a marine ﬁsh (bicolor damselﬁsh, Stegastes partitus).
Through both genetic covariance and size-dependent maternal effects, selection
on adult size may cause a considerable, correlated response in larval traits. To
quantify how variation in larval traits may affect survival, we introduce a ﬂexi-
ble method that uses information from selection measurements to account for
frequency dependence and estimate the relationship between phenotype and
relative survival across a broad range of phenotypic values. Using this method,
we synthesize studies of selective mortality on larval size for eight species of
ﬁsh and show that variation in larval size may result in considerable variation
in larval survival. We predict that observed rates of ﬁshery selection on adult
marine ﬁshes may substantially reduce larval size and survival. The evolution
of smaller larvae in response to ﬁshery selection may therefore have substantial
consequences for the viability of ﬁshed populations.
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recruitment (Bailey and Houde 1989). Likewise, small
changes in mortality rates during the early postsettlement
phase can have strong effects on population size (Myers
and Cadigan 1993; Sogard 1997; Caley et al. 1996). If
traits that affect larval and early juvenile survival are
genetically correlated with adult traits that are under ﬁsh-
ery selection (e.g. size or growth rate), then ﬁshery selec-
tion may decrease population viability by selecting for
individuals that are less able to replenish the population
(Kirkpatrick 1993; Munch et al. 2005; Walsh et al. 2006).
Because larval survival can be critically important to pop-
ulation dynamics and because little is known about the
genetic (co)variance underlying larval traits, studies of
model species whose larvae can be collected and mea-
sured in the ﬁeld can be extremely useful in providing
representative estimates of inheritance parameters, includ-
ing genetic covariances that may be used to predict corre-
lated evolutionary responses.
Genetic covariance between size and growth at different
ages is likely due to pleiotropy, in which expression of
single genes (e.g. those that code for growth factors)
affect multiple traits (e.g. body sizes) at different ages
(Cheverud et al. 1983). Although genetic covariance
between body size at different ages has been demonstrated
for many taxa (Kirkpatrick et al. 1990), such estimates
are rare for ﬁshes, especially in wild populations. Positive
genetic covariance between size of adults and size during
early life-history stages (eggs and larvae) has been previ-
ously demonstrated for a laboratory population of rain-
bow trout (Oncorhynchus mykiss; McKay et al. 1986), a
laboratory population of Atlantic silversides (Menidia
menidia; Munch et al. 2005; Walsh et al. 2006), and sev-
eral populations of salmonids in hatcheries and farms
(Heath et al. 1999; Carlson and Seamons 2008 and refer-
ences therein). These results suggest that the presence of
such covariance may be common in ﬁshes. However,
because it is the magnitude of genetic covariance that will
determine how quickly larval traits can respond to selec-
tion on adults, predicting how larvae will respond to
selection on adults in the wild requires accurate and
representative estimates of genetic correlations between
adult and larval traits.
Adult and larval traits may also be correlated through
maternal effects mediated by associated, heritable traits
(Kirkpatrick and Lande 1989). Previous research has
demonstrated that for many ﬁshes, variation in maternal
provisioning of offspring can affect early life-history traits,
such as egg and larval sizes (reviewed by Chambers and
Leggett 1996; Heath and Blouw 1998). Moreover, for
many ﬁshes, maternal size and offspring size are pheno-
typically correlated (Berkeley et al. 2004a; Heath and
Blouw 1998), suggesting that maternal effects may
partially depend on the body size of adult females. To
our knowledge, existing measures of phenotypic correla-
tions do not separate genetic resemblance from size-
dependent maternal effects, and the actual magnitudes of
size-dependent maternal effects are unclear. However, the
presence of strong phenotypic correlations between
maternal and offspring size suggests that size-dependent
maternal effects may be substantial. Body size is a herita-
ble trait for many ﬁshes (Law 2000), and populations
may experience a decline in average body size when sub-
jected to size-selective ﬁshing (Swain et al. 2007). Mater-
nal effects mediated by changes in adult body size may
therefore be an important pathway through which larval
traits may change in response to selection on adults
(Kirkpatrick and Lande 1989).
Larval mortality may increase with decreasing body size
(reviewed by Morse 1989; Pepin 1993), suggesting that an
evolutionary reduction in larval size owing to the selective
removal of large adults may result in lower larval sur-
vival and reduced recruitment. A previous study by
Munch et al. (2005) investigated potential for correlated
responses of larvae to affect recruitment, using estimates
of genetic correlations between adult and juvenile body
size from a laboratory population of Atlantic silversides
(Menidia menidia) and measures of size-dependent mor-
tality estimated by comparing mortality rates for species
of different size. The authors concluded that, despite the
potential for a moderate, correlated response of larval size
to selection on adults, effects on size-dependent survival
(and therefore recruitment) were likely to be negligible.
However, for a given rate of selection on adults, responses
of larval traits and effects on recruitment will depend crit-
ically on both the magnitude of genetic correlations and
the rate at which mortality depends on body size, two
quantities that are not easily estimated with much cer-
tainty. Making general predictions of how ﬁshery selec-
tion is likely to affect larval survival, and population
replenishment will therefore require further investiga-
tion into genetic covariance, maternal effects, and size-
dependent mortality of larvae.
In this study, we evaluated the degree to which two
traits that affect the survival of larval ﬁsh – size at hatch-
ing (hereafter ‘SAH’) and swimming performance – were
genetically correlated with adult size in a wild population
of bicolor damselﬁsh (Stegastes partitus) in the Bahamas.
We estimated genetic covariances among adult and larval
traits as well as size-dependent maternal effects on larval
traits. These estimates of inheritance parameters allowed
us to predict how larval traits may evolve in response to
selection on adults, especially in the light of potentially
large maternal effects on larvae. We also examined the
demographic consequences of variation in larval SAH by
analyzing size-dependent mortality of larvae and juveniles
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dent mortality by comparing published estimates of mor-
tality among species that varied in body size. We also
introduce a method for inferring size-dependent mortality
within species by synthesizing information from ﬁeld
studies of selective mortality. We then combined both
estimates of size-dependent mortality with our estimates
of genetic correlations between adult and larval traits to
illustrate (i) how a given intensity of selection on adult
size (in particular, estimates of ﬁshery selection) may
cause a correlated response in the size of larvae and (ii)
how this response affects relative rates of survival during
larval and early postsettlement life – key demographic
phases for many marine ﬁshes (Bailey and Houde 1989;
Myers and Cadigan 1993; Caley et al. 1996; Sogard 1997).
Methods
Demographic monitoring
The bicolor damselﬁsh (S. partitus) is an abundant species
that inhabits coral reefs and lives in small social groups
( 2–20 ﬁsh) on distinct coral heads. This is an excellent
model species for estimating genetic parameters in the
ﬁeld. Adults remain within a few meters of their home ter-
ritory, permitting in situ monitoring of individual growth
and reproduction. Males hold small breeding territories
and will often mate with multiple females (Schmale 1981).
Females lay benthic eggs and will readily deposit eggs on
artiﬁcial substrates that can be manipulated and brought
back to the laboratory for analysis. We used artiﬁcial nests
comprised of 15 cm lengths of 5-cm-diameter plastic pipe,
lined with ﬂexible transparent plastic that could be
removed to access the attached eggs. Eggs hatch at twilight
after 3.5 days of benthic development.
In 2006, we monitored reproduction at two sites near
Lee Stocking Island, Bahamas. A total of 37 breeding terri-
tories with artiﬁcial nests were monitored daily for approx-
imately 2 months. Adult ﬁsh at these sites (n = 65 and 35)
were individually tagged as part of a broader long-term
demographic study. Small tissue samples (ﬁn clips) were
taken from all adults in the study population to identify
parent–offspring relationships. Most adults had been mon-
itored periodically because settlement and their age, size,
and growth rate were measured directly. Size-at-age of
S. partitus is well described by a Von Bertalanffy growth
function (Johnson and Hixon 2010), and maximum size of
each adult (Lmax) was expressed as the asymptotic size
described by the growth function ﬁt to individual size-at-
age data. We used Lmax in parent–offspring analyses
because we believe that it is more useful and direct to pre-
dict correlated responses to changes in average values of
Lmax (a parameter that relates to growth trajectories) than
to changes in average adult size (which also depends on
age). Nonetheless, we also conducted parent–offspring
analyses using current size, rather than Lmax (see Support-
ing Information). However, because the adults in our
study were within 86–99% of their estimated Lmax values,
genetic parameter estimates were very similar.
To quantify genetic covariance between larval and adult
traits, we monitored breeding adults in the ﬁeld, collected
eggs immediately prior to hatching, and compared traits
of both larvae and adults. We measured larval size and
swimming performance as indicators of larval quality
because both of these traits may inﬂuence larval survival
(Vigliola and Meekan 2002; Fuiman and Cowan 2003).
We sampled 55 larvae from each of 143 egg masses col-
lected in the ﬁeld. Thirty-ﬁve of these larvae were size-
measured under a microscope, and 20 larvae were used to
evaluate average swimming performance. Swimming
performance was measured as the duration of time that
ﬁsh could swim against a current of 3.2 cm/s within a
swimming ﬂume. Three larvae from each egg mass were
individually preserved for genetic analysis.
Adults and larvae were genotyped at seven highly poly-
morphic microsatellite loci (Williams et al. 2003). This
procedure provided multi-locus genotypes of all sampled
adults and larvae, which we used to determine parentage
(Appendix S1, also see Methods in Christie et al. 2010).
Given the large numbers of alleles per locus, the probabil-
ity of a single putative parent–offspring pair sharing
alleles by chance was extremely low (P < 0.00457)
(Christie 2010). Thus, we used simple Mendelian incom-
patibility to assign parentage. To cross-validate results as
well as to fully account for genotyping errors, we also
used likelihood-based methods as implemented in the
program CERVUS (Marshall et al. 1998).
Genetic covariance among larval and adult traits
We examined the potential for a genetic relationship
between Lmax and larval traits by plotting offspring phe-
notype against the phenotype of the sire. All traits were
expressed as phenotypic standard deviations from the
population mean. If there is no environmental covariation
between parent and offspring phenotype, then the slope
of such a regression line estimates one-half the additive
genetic covariance between traits (Lynch and Walsh
1998). For graphical display, we plotted mean values for
all larval families (egg masses) sampled. However, because
observations of multiple clutches of offspring from a sin-
gle father were not independent, we regressed the mean
standard length of all offspring of each sire on maximum
total length of sire. In this analysis, each sire–offspring
case was weighted by the number of clutches used to
determine the average of larval traits. We also included
effects of average water temperature, site, and average
Johnson et al. Fishery selection may reduce recruitment
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covariates, because these factors may affect larval size
(McCormick 2006; Appendix S2, Table B1). We acknowl-
edge that because most of the offspring from sires in this
study came from the same nest, this design confounded
sire and nest effects. However, additional studies using
our artiﬁcial nests within this system suggested that nest
effects were small (accounting for <5% of the variation in
larval traits) and unlikely to be correlated with sire
asymptotic size (D. W. Johnson, unpublished data).
We evaluated sire–offspring relationships for a large
sample of offspring from naturally breeding adults in
2006. Although signiﬁcant relationships were observed
(see Results section), they may have been caused by a
combination of environmental, maternal, and/or additive
genetic effects. To examine possible assortative mating and
maternal inﬂuences, we used parentage analysis to identify
mothers of each clutch and tested whether maternal size
and/or age was correlated with paternal size. Finally, we
separated genetic effects from any environmental effects
that depended on paternal size (e.g. greater care of off-
spring) by conducting a cross-fostering experiment in the
summer of 2007. Although the experiment was conducted
in the same two study populations, there was very little
overlap between individuals breeding in 2006 and 2007
because of high turnover in the population (only ﬁve sires
and six mothers bred in both years). We monitored adult
size and larval quality as before, except during this experi-
ment; egg masses were swapped among nests for the dura-
tion of benthic egg development (3.5 day) by moving eggs
on plastic collectors among nests. We compared offspring
and sire phenotype for both biological and foster fathers.
Because our results indicated some assortative mating
based on Lmax but no environmental effects that
depended on sire size (see Results), we pooled the data
from both years (2006 and 2007) to calculate genetic
covariances and size-dependent maternal effects. Additive
genetic covariances (CovA), corrected for assortative mat-
ing, were calculated according to the following formula,
derived from Lynch and Walsh (1998):
CovA ¼
b   rm ðÞ 2   m ðÞ
1 þ r ðÞ
ð1Þ
where b is the slope of the sire–offspring regression, r is
correlation between maternal and paternal size, and m is
size-dependent maternal effect coefﬁcient (Appendix S3).
We estimated m as the difference between mother–off-
spring and sire–offspring regression slopes divided by
(1 ) r). Mean and 95% conﬁdence intervals for estimates
of size-dependent maternal effects and genetic covariances
were generated using standard resampling procedures
(Appendix S3).
We acknowledge that parental effects may depend on
age (e.g. Berkeley et al. 2004a; Marteinsdottir and
Steinarsson 1998) and that because of the correlation
between age and size, our study (like many others) did
not allow us to cleanly separate age-dependent effects
from those that depend on size. However, because ﬁshery
selection is likely to reduce both the mean age of adults
and the mean values of maximum length, our estimates
of CovA and m should be robust and useful for predicting
correlated responses of larvae.
Fishery selection, larval responses, and population
replenishment
Using our genetic parameter estimates for S. partitus,w e
explored how larval traits may respond to ﬁshery selec-
tion on adults. We predicted the response of larvae to a
single (initial) generation of selective ﬁshing by multiply-
ing ﬁshery selection differentials by the combined genetic
covariance and size-dependent maternal effects. This
approach provides a suitable approximation if one
assumes no net selection in previous generations that
would cause a lagged response arising from maternally
transmitted effects (Kirkpatrick and Lande 1989). (Multi-
generation responses to selection are much more complex
and are considered further in the Discussion.) To describe
ﬁshery selection on adult body size, we used a range of
standardized selection differentials ()0.05, )0.15, and
)0.3) that were based on values estimated from several
empirical studies (e.g. Rijnsdorp 1993; Law 2000; Swain
et al. 2007). Importantly, these values served as estimates
of the net selection differential (i.e. the total effects of
ﬁshery selection and natural selection on adults) and were
used to predict correlated responses of SAH.
The effect of correlated larval response on relative sur-
vivorship (cumulative survival) throughout the larval and
early juvenile phases was predicted by two different
approaches. First, we used the method described by
Munch et al. (2005) that uses information on growth and
genetic covariance between adult size and size at younger
ages to predict correlated changes in body length. This
approach characterizes length-dependent mortality of
larvae and juveniles by combining published estimates of
daily, instantaneous mortality among species that varied
in size. An advantage of this approach is that there are
enough data available to describe overall patterns in mor-
tality with reasonable precision across a broad range of
sizes. Disadvantages are that this approach requires expli-
cit information on growth rates and genetic covariance
functions and that predictions may be sensitive to these
inputs. Furthermore, this approach assumes that rates of
size-dependent mortality within a single species can be
approximated by comparing rates of total mortality across
Fishery selection may reduce recruitment Johnson et al.
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among species, these estimates of size-dependent mortal-
ity may be confounded with species-speciﬁc differences in
mortality that are attributable to other factors that may
have strong effects on estimates of mortality rates (e.g.
age, experience, catchability, life-history adaptations).
Our second approach to estimate the effects of changes
in mean larval size on mortality rates was to synthesize
information from studies of selective mortality on SAH.
An advantage of this approach is that it can be used to
compare mortality among cohorts of the same age and
species and derive estimates of size-dependent mortality
under similar ﬁeld conditions. Disadvantages are that
multiple estimates of selection have been made for rela-
tively few species and that estimates of mortality are cal-
culated indirectly using information on selection. Both
methods of estimating size-dependent mortality assume
that components of survival that do not depend on body
size are the same for selected and unselected populations.
Larval size and relative mortality: approach 1
To predict survival consequences for a change in larval
size, we followed the procedure described by Munch et al.
(2005). In brief, we estimated expected survivorship of
larvae after a single generation of selection on adults and
compared this value as a fraction of expected larval survi-
vorship in the absence of selection on adults. Relative sur-
vivorship of larvae and juveniles after a single generation
of selection on adults was estimated as follows:
RS90 ¼exp
 
  1:613
Z90
0
L 1:125
t
 ½ Lt þ Sðm þ covAðtÞÞ 
 1:125dt
!
;
ð2Þ
where t is days posthatching, Lt is length at age t, S is the
standardized selection differential on adult body size, m is
the coefﬁcient describing size-dependent maternal effects,
and covA(t) is the genetic covariance function (see
Appendix S4 for further details). We examined length-
dependent mortality over the ﬁrst 90 days posthatching
(dph) to make these estimates comparable with our esti-
mates of larval mortality derived from analyses of natural
selection (90 days was the maximum duration of selection
studies in our review.).
Larval size and relative mortality: approach 2
The relationship between larval size and relative survival
was also estimated by synthesizing information from
published studies that examined whether larval SAH
inﬂuences larval and/or postsettlement survival for multi-
ple cohorts under similar ﬁeld conditions. Our search
yielded estimates of selective mortality on SAH for 37
cohorts from eight species of ﬁsh (Macpherson and Rav-
entos 2005; Raventos and Macpherson 2005; Urpanen
et al. 2005; Robert et al. 2007; Vigliola et al. 2007; Appen-
dix S5). For each cohort, these studies provided estimates
of the mean value before selection,  z, mean value after
selection,  z , variance before selection, varðzÞ and variance
after selection, var ( z Þ.
Selective mortality of larval and juvenile ﬁsh is likely to
be a mix of both ‘soft’ selection (i.e. frequency-dependent
selection in which selective mortality is substitutable with
nonselective, background mortality) and ‘hard’ selection
(i.e. frequency-independent selection which generates
survival variation in addition to any background mortal-
ity; Wallace 1975). Because measurements of selection
are likely to reﬂect both frequency-dependent and fre-
quency-independent components and because frequency-
dependent selection may not have direct effects on
population dynamics (Saccheri and Hanski 2006), we
used the following procedure to estimate both frequency-
independent and frequency-dependent components of
selection on size-at-hatching.
We obtained overall estimates of size-dependent mor-
tality by estimating the amount of selective mortality
required to generate the observed changes in the distribu-
tion of trait values between initial samples of ﬁsh (i.e. the
before selection sample) and samples of ﬁsh that survived
to a later date. We assumed that before selection, the
distribution of phenotypic values in the ith cohort,
pðzj zi;varðziÞÞ, is normal with mean and variance speci-
ﬁed by  zi and varð ziÞ, respectively. We also assumed that
the expected value of relative ﬁtness (deﬁned in this case
as daily survival) can be described as a smooth function
of phenotypic value, W(z), Given known values for  z,  z ,
varðzÞ, and var( z ) for each cohort, parameter values
deﬁning W(z) can be obtained by ﬁnding the best solu-
tion to the following inverse problem, where
 z 
i ¼
R
zpðzj zi;varðziÞÞWðzÞ
tidz
R
pðzj zi;varðziÞÞWðzÞ
tidz
; ð3Þ
and
varðz 
i Þ¼
R
z2pðzjzi;varðziÞÞWðzÞ
tidz
R
pðzjzi;varðziÞÞWðzÞ
tidz
 
R
zpðzjzi;varðziÞÞWðzÞ
tidz
R
pðzjzi;varðziÞÞWðzÞ
tidz
"# 2
ð4Þ
where ti is duration of the study (in days) for the ith
cohort. We estimated the relationship between SAH and
survival under selective mortality by numerically solving
Johnson et al. Fishery selection may reduce recruitment
ª 2011 Blackwell Publishing Ltd 4 (2011) 621–633 625for parameters in W(z) that minimized the sum of abso-
lute differences between predicted and observed values of
 zi
  and varð z 
i Þ. This analysis assumes that there is a com-
ponent of the selective surface that is constant and that
sampling multiple cohorts across a range of phenotypic
values can reveal the constant selective surface underlying
any independent variation in selection (e.g. owing to
environmental variation). W(z) may be described by a
number of different functional forms. Following earlier
studies that model hard and soft selection on quantitative
traits (e.g. Wade 1985; Goodnight et al. 1992), we mod-
eled hard selection as a component in which individual
ﬁtness depends on absolute phenotypic value, and soft
(frequency-dependent) selection as a component in which
ﬁtness depends on relative phenotypic value (deviations
from the cohort mean). Speciﬁcally, we modeled ﬁtness as
WðzÞ¼
1
1þe ðaþbzþcz2Þ  ½
1
1þe ðdþeðz  zÞþhðz zÞ
2Þ
     
: ð5Þ
The ﬁrst term describes how phenotype affects expected
individual ﬁtness, regardless of the frequency of other
phenotypes in the cohort. The second term describes how
individual ﬁtness depends on relative phenotypic value
(i.e. value relative to the group mean). This added term
describes the expected (average) value of soft selection.
Note that in the absence of hard selection (i.e. when the
ﬁrst term in eqn 5 is constant with respect to phenotypic
value), the relative survival of cohorts would be equal.
Because both hard and soft selection may take several
functional forms (i.e. directional, stabilizing, or disrup-
tive), our approach was to start by ﬁtting a relatively
complex model to the data (i.e. eqn 5 in which each com-
ponent of selection was described by a ﬂexible, three-
parameter logistic function). Variation in our parameter
estimates was assessed by a bootstrapping procedure. For
each of 200 iterations, 37 cohorts were sampled with
replacement and parameters deﬁning W(z) were esti-
mated. If appropriate, we simpliﬁed the model by drop-
ping those parameters whose bootstrapped 95%
conﬁdence intervals included zero.
To obtain an overall estimate of W(z), we pooled data
from all eight species. Phenotypic values for each species
were standardized by dividing by the average phenotypic
standard deviation within the initial samples and
expressed as deviations from the overall mean for that
species. Although selective surfaces are unlikely to be
exactly the same across species, this approach matched
our goal of describing an average pattern of selective
mortality based on size-at-hatching. Our estimate of W(z)
was then used to predict how a given shift in mean SAH
would change the average value of survival. However, we
were interested in comparing survival of cohorts of larvae
produced after a generation of selection on adults to the
average survival of larvae in the absence of such selection.
We therefore calculated relative survival by dividing the
mean survival of a cohort of larvae whose mean SAH
shifted in response to selection on adults,  WðD zÞ, by mean
survival for a cohort of larvae whose mean SAH was
equal to the overall mean before selection on adults
(i.e.  z ¼ 0). Relative survivorship (cumulative survival at
time t) was therefore calculated as follows:
RSt ¼
Y t
i¼1
R
pðz j D zÞWðzÞ
tdz
R
pðz j D zÞWðzÞ
t 1dz
"
 
R
pðz j  z ¼ 0ÞWðzÞ
tdz
R
pðz j  z ¼ 0ÞWðzÞ
t 1dz
#
;
ð6Þ
where W(z) is as described above and t is days posthatch-
ing (see Appendix S6 for details). We evaluated relative
survivorship at 90 days posthatching (90 day was the
maximum duration of selection studies in our review).
Distributions of larval SAH were assumed to be normal,
and variance in SAH was assumed to be equal before and
after selection on adults.
Results
Genetic covariance among larval and adult traits
Sires with larger Lmax values (hereafter referred to simply
as larger ‘size’) produced larvae that were larger at hatch-
ing and exhibited greater swimming performance (linear
model for larval size as a function of sire size: slop-
e = 0.169 ± 0.063SE, t32 = 2.682, P = 0.012; larval swim-
ming duration: slope = 0.176 ± 0.060SE, t26 = 2.93,
P = 0.007, Fig. 1). Average values of larval traits were not
affected by average temperature, spawning site, or average
density of conspeciﬁcs, and excluding these factors from
the analysis had little effect on regression parameters
(Table B1 in Appendix S2). However, direct estimates of
genetic covariances derived from these relationships may
be biased by assortative mating. Values for Lmax of sires
and mothers were moderately correlated (r = 0.34,
P = 0.038), although there was no evidence for assortative
mating based on other, measured characteristics of adults
(Table B2 in Appendix S2).
Although assortative mating and associated maternal
effects could be accounted for by identiﬁcation of moth-
ers, relationships in Fig. 1 may have been inﬂuenced by
paternal, environmental effects (e.g. if greater parental
care by larger sires accelerated development of larvae). To
separate environmental and genetic contributions to
covariance between sire size and larval traits, we com-
pared sire–offspring regressions for biological and foster
sires in the cross-fostering experiment (Fig. 2). Both larval
size and swimming performance signiﬁcantly increased
Fishery selection may reduce recruitment Johnson et al.
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size: slope = 0.241 ± 0.085SE, t16 = 2.835, P = 0.012,
Fig. 2A; swimming duration: slope = 0.223 ± 0.092SE,
t16 = 2.424, P = 0.028, Fig. 2C), but there was no detect-
able relationship between larval traits and size of the
foster sire (linear model for larval size: slope =
)0.079 ± 0.175SE, t16 = )0.452, P = 0.658, Fig. 2B; swim-
ming duration: slope = 0.061 ± 0.110SE, t16 = 0.555,
P = 0.587, Fig. 2D), nor did we detect overall differences
in size or swimming performance between fostered and
nonfostered larvae (P = 0.307 and 0.421, respectively). In
2007, there was also some evidence for an association
between Lmax of biological mothers and fathers (r = 0.18,
P = 0.096), but no evidence for assortative mating based
on other measured characteristics of adults (Table B2 in
Appendix S2). All sire–offspring regressions are summa-
rized in Table B1 in Appendix S2.
Based on sire–offspring regressions for the com-
bined 2006 and 2007 data and equation 1, the genetic
covariance (on standardized variables) between sire size
and larval size was estimated to be 0.202 (95% CI:
0.025 – 0.407), and that between sire size and larval
swimming performance was 0.264 (95% CI: 0.039 –
0.467). Mother–offspring regressions on standardized
variables had higher slope values, suggesting size-depen-
dent maternal effects on larval size (Lande and Price
1989) (m = 0.229; 95% CI: 0.027 – 0.452) and swimming
performance (m = 0.115: 95% CI: )0.064–0.310). Changes
in the regression procedures used to estimate genetic
parameters (i.e. using current size rather than Lmax and
using major axis regression to account for uncertainty in
estimates of Lmax) had minor effects on overall parameter
estimates (Table C1 in Appendix S3).
Larval size and selective mortality
Our analysis of selective mortality on SAH indicated that
hard selection could be adequately modeled by a two-
parameter logistic function (a = 1.430, bootstrap 95% CI:
0.997, 1.883; b = 0.272, bootstrap 95% CI: 0.095, 0.462),
which suggested that hard selection on SAH was predom-
inantly directional (Fig. 3A). In contrast, soft selection
was, on average, disruptive, as individuals with pheno-
typic values near the cohort mean experienced greater
mortality (Fig 3B). The conﬁdence interval for the param-
eter describing directional, soft selection was centered
near zero (e = 0.663, bootstrap 95% CI: )3.301, 4.823),
suggesting that soft selection could be adequately
described by a two-parameter logistic function (d =
1.760, bootstrap 95% CI: 0.919, 2.738; h = 1.526, boot-
strap 95% CI: 0.374, 2.902). Patterns of total selection
reﬂected both directional selection favoring larger larvae
and disruptive selection favoring phenotypes that deviated
from the cohort mean (Fig. 3C).
Fishery selection, larval responses, and population
replenishment
Based on our estimates of genetic covariance and size-
dependent maternal effects, we predicted how larval size
might respond to ﬁshery selection on adult size. Fishery
selection can be strong, and our results suggested that
such selection could result in a substantial, correlated
response in larval SAH (Table 1). For ﬁshery selection in
the middle of this range (S = )0.15), larval size would be
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Figure 1 Parent–offspring regression illustrating the relationship
between the maximum total length of the biological sire (asymptotic
length from individual Von Bertalanffy growth curves) and two traits
of larval offspring: (A) standard length at hatching and (B) swimming
duration. Each data point illustrates the mean value from a sample of
larvae collected from a single clutch of eggs (n = 35 larvae per clutch
for standard length, n = 20 for swimming performance). All clutch
means were plotted, but the regression lines were generated using a
weighted least-squares regression of the mean standard length of the
offspring of each sire on total length of sire (n = 37). Each sire–off-
spring case was weighted by the number of clutches used to deter-
mine the average.
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of selection. This change in phenotype is predicted to
decrease relative survival through a 90-day larval and
juvenile phase by approximately 8% as predicted by
approach 1% and 14% as predicted by approach 2
(Table 1). Stronger selection on adults would result in a
greater reduction in larval and juvenile survival (Table 1).
Discussion
We have demonstrated that larval SAH and swimming
performance may have substantial genetic correlations
with adult length (Lmax) in a wild population of marine
ﬁsh. Larval size and swimming performance covaried with
the Lmax of their fathers, and results from the cross-fos-
tering experiment suggest that the parent–offspring
resemblance was attributable to genetic, rather than envi-
ronmental, covariance. Furthermore, the covariance
between larval size and Lmax of mothers was greater than
the covariance observed for larvae and fathers, suggesting
that maternal contributions to larval size and swimming
performance were substantial and depended, in part, on
maternal body size.
Although genetic correlations between body size at dif-
ferent ages are expected to be positive (Kirkpatrick et al.
1990; Carlson and Seamons 2008), the magnitude of
genetic correlations we observed suggested that selection
on adult length (Lmax) may result in considerable corre-
lated responses of larval size and swimming performance.
Moreover, we believe that the genetic parameters we esti-
mated for a small, reef-associated damselﬁsh may be rep-
resentative of a broader group of marine ﬁshes. Although
to our knowledge, genetic covariance between adult
length and larval SAH has only been measured for one
other species of fully marine ﬁsh, when calculated on
standardized trait values, genetic covariance between adult
size and larval SAH for Atlantic silversides (Menidia
menidia) was estimated to be 0.194 (S. Munch, personal
communication), very similar in magnitude to values we
estimated for the distantly related bicolor damselﬁsh
(0.202). Similarly, indirect evidence suggests that the val-
ues of size-dependent maternal effects we measured for
Stegastes partitus may be representative of many ﬁshes.
Heath and Blouw (1998) reviewed phenotypic correla-
tions between maternal body size and egg size for a vari-
ety ﬁshes and found that such correlations are substantial
(all species mean correlation = 0.392, SD = 0.307, n =2 5 ) .
Although the extent to which these correlations are attrib-
utable to genetic covariance (covA) vs size-dependent
maternal effects (m) is unclear (mother–offspring
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Figure 2 Parent–offspring regressions for cross-fostered larvae. Graphs A and C illustrate relationships between biological sire size and larval
traits. Graphs B and D illustrate relationships between foster sire size and larval traits (foster sires were males rearing unrelated egg clutches dur-
ing benthic development). Each data point illustrates the mean value from a sample of larvae collected from a single clutch of eggs (n = 35 larvae
per clutch for standard length, n = 20 for swimming performance). All clutch means were plotted, but the regression lines were generated using
a weighted least-squares regression of the mean standard length of the offspring of each sire on total length of sire (n = 21 biological sires and
21 foster sires). Each sire–offspring case was weighted by the number of clutches used to determine the average.
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expressed as variance-standardized values), the summa-
rized values suggest that selection on adults may strongly
affect size of eggs and larvae for many ﬁshes (egg and lar-
val size are strongly correlated (r = 0.611, SD =
0.246, n = 17 spp.; Heath and Blouw 1998). Moreover,
comparable values we observed for S. partitus (1/2covA
+ m = 0.33) are reasonably close to the average correla-
tion between maternal size and egg size. Overall, these
results suggest that estimates of genetic parameters made
for S. partitus may be useful for making predictions of
how larval ﬁsh in general may respond to selection on
adults.
Size-at-hatching and selective mortality
Both swimming ability and larval length are likely to inﬂu-
ence survival probabilities. However, because these two
traits are related and because we have more direct infor-
mation on how SAH inﬂuences survival, we focus our dis-
cussion on larval size. Our results suggest that even small
changes in SAH can have strong effects on survival during
larval and juvenile phases, although the patterns of selec-
tive mortality may reﬂect a complex mix of frequency-
independent and frequency-dependent selection. Hard
(frequency-independent) selection was predominantly
directional. Hard selection favoring large larvae may result
from a narrowing of the potential predator ﬁeld, as larger
larvae escape a greater number of gape-limited predators
(Miller et al. 1988; Sogard 1997; Bailey and Houde 1989).
These ﬁndings are consistent with comparisons of mortal-
ity estimates across species that indicate an overall decline
in mortality rate with body length (Morse 1989; Pepin
1993). Survival within cohorts was also strongly inﬂuenced
by relative phenotypic value (i.e. frequency-dependent
selection). Our analyses suggested that frequency-depen-
dent selection was, on average, disruptive. Such patterns
may result from one or more frequency-dependent mech-
anisms (e.g. if overlap in resource use depends on similar-
ity in size and competition reduces survival probability, or
if predators use a particular search image that matches the
cohort average size). Disruptive selection on body size
may be common for larval and juvenile ﬁshes (Perez and
Munch 2010), and future studies investigating mecha-
nisms of frequency-dependent selection may be especially
valuable in advancing our understanding of how variation
in larval size affects survival.
Natural selection, ﬁshery selection, and long-term
responses of larvae
Our analyses focused on predicting the correlated response
of larval size after a single generation of selection on
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Figure 3 Effects of larval size-at-hatching on relative survival during
larval and juvenile phases. Each panel illustrates the expected values of
the component survival function ±95% conﬁdence bands. (A) Hard
selection, in which survival probability depends on an individual’s
phenotypic value regardless of the frequency of other phenotypes in
the cohort. (B) Average pattern of soft selection, in which survival
probability depends on an individual’s phenotypic value relative to the
cohort mean. (C) Combined effects of hard and soft selection, illus-
trated for a cohort whose mean value was equal to the overall mean
(i.e.  z ¼ 0).
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bined effects of ﬁshery selection on adults and natural
selection on larvae is much more complex and beyond
the scope of this study. However, we can offer some
insight into predicted selection response in the short term
(i.e. after a few generations). Although selective mortality
favoring larger larvae is strong, in the absence of ﬁshery
selection on adults, responses to selective mortality of lar-
vae are likely balanced by reproductive selection in which
mothers that produce smaller larvae beneﬁt from greater
fecundity (e.g. Smith and Fretwell 1974; see Einum and
Fleming 2000; Heath et al. 2003; Johnson et al. 2010 for
examples of balanced selection on offspring size in ﬁsh).
Fishery selection may upset this balance by selecting for
smaller adults and causing a correlated reduction in larval
size. After the correlated response to selection on adults,
selective mortality of larvae may then cause a shift in
mean SAH toward larger sizes. However, because of the
asymmetry in maternal effects (maternal size affects SAH
but not vice versa) and because ﬁshery selection is likely
to be stronger than natural selection on larvae, we expect
larval size to continue to decline, though at a slower rate
after the ﬁrst generation of selection (Kirkpatrick and
Lande 1989). Similarly, correlated responses of adults to
natural selection on larvae are likely to slow, but not stop,
long-term decline in adult size. Shifts in mean SAH are
predicted to occur in a cyclic pattern within each genera-
tion, decreasing in response to ﬁshery selection on adults
and increasing in response to selective mortality of larvae.
Importantly, within each generation, a demographic cost
will be incurred as larvae that are increasingly smaller
suffer additional selective mortality (Fig. 4).
Fishery selection and correlated responses of larvae
Our results suggest that ﬁshery selection on adult size
may induce a substantial, correlated response in larval
size and a considerable reduction in relative survival of
larvae and juveniles (Table 1). These results contrast with
an earlier study by Munch et al. (2005) that used Atlantic
silversides as a model species and concluded that selection
on adults would have negligible effects on survivorship.
The results from our study differ for multiple reasons.
First, we included the effects of size-dependent maternal
effects when predicting correlated responses of larvae,
resulting in a greater predicted response of larval size to
selection on adults. Second, the approach to estimating
size-dependent mortality introduced by Munch et al.
(2005) (Approach 1 above) appears to be sensitive to
Table 1. Predicted evolutionary responses of larval size-at-hatching (SAH) to ﬁshery selection on adult body size and predicted consequences for
relative survivorship through the larval and juvenile phases (90 days).
Standardized adult s
election differential
Predicted change in
SAH (in SD units)
Relative survival to 90 days post hatching
Approach 1 Approach 2
Mean 95% CI Mean 95% CI
)0.05 )0.02 0.97 0.92 1.00 0.95 0.92 0.98
)0.15 )0.06 0.92 0.80 0.98 0.86 0.77 0.96
)0.30 )0.13 0.85 0.62 0.96 0.74 0.62 0.89
Relative survival is expressed as proportion of survivorship in the absence of selection on adult size. Conﬁdence intervals for relative survival
include uncertainty in both the genetic parameter estimates and estimates’ size-dependent mortality.
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Figure 4 An illustration of the response of larval size to ﬁshery and
natural selection over multiple generations. Solid curve illustrates the
relationship between mean larval size and relative survival. Asterisk
denotes mean larval size in the absence of ﬁshery selection on adults.
Within each generation, there are two shifts in mean larval size. Fishery
selection on adults results in a correlated reduction mean larval size
(dashed arrows), the magnitude of which is inﬂuenced by both genetic
covariance and size-dependent maternal effects. Natural selective mor-
tality of larvae then results in an increase in mean larval size (which is
proportional to additive genetic variance of larvae). Although natural
selection on larvae may slow the multi-generation reduction in larval
size, the additional, selective mortality of larvae each generation will
affect population replenishment. See main text for additional details.
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ance between adult size and sizes throughout larval and
juvenile phases. For a similar rate of selection on adults,
data from S. partitus resulted in a greater predicted
reduction in relative survival in response to selection on
adults, although we acknowledge that our indirect
method of calculating a genetic covariance function for
S. partitus (Appendix S4) introduced additional uncer-
tainty in our predictions. Finally, our method of estimat-
ing size-dependent mortality from studies of selection
suggested slightly stronger effects of larval phenotype on
subsequent survival. Although correlated responses of
larvae and effects on relative survival may vary between
species, our results suggest that at least under some
circumstances, correlated responses to selection on adults
may have important effects on survival.
Our analyses sought to provide a general, illustrative
example of how correlated responses of larvae may affect
input into benthic populations. The effects that variation
in larval and juvenile survival ultimately has on the abun-
dance of adults will depend on variation in demographic
rates during later life stages. For example, a reduction in
adult abundance (through reduced survival of larvae) may
result in increased per capita reproductive success, which
may then compensate for decreases in larval survival.
Additionally, density dependence at later stages may
weaken (but not completely negate) the relationship
between larval input and adult population size (Caley
et al. 1996). Nevertheless, detailed studies of recruitment
of marine ﬁshes have revealed that even in the presence of
strong density dependence, limitation by larval and juve-
nile survival can be substantial (Schmitt et al. 1999; Shima
1999; Johnson 2007), especially when recruitment levels
are relatively low (as might be expected under ﬁshery
selection). Moreover, the magnitude of density-dependent
mortality may itself depend on characteristics of settling
larvae (Shima et al. 2006), further suggesting that declines
in SAH and associated effects on survival may substan-
tially affect the size of density-regulated populations. In
any case, exact predictions of the effects of reduced larval
survival on adult abundance will depend on the demo-
graphic details of the particular species of interest.
Several large-scale studies have empirically linked selec-
tive removal of large individuals with reduced recruitment
(e.g. Marteinsdottir and Thorarinsson 1998; Venturelli
et al. 2009) and increased recruitment variability (e.g.
Hseih et al. 2006; Anderson et al. 2008). Although pro-
cesses responsible for these large-scale patterns were not
directly investigated, reduced recruitment may be a conse-
quence of both lower reproductive output associated with
loss of large individuals (Berkeley et al. 2004b; Law 2007)
and reductions in larval survival. Here, we demonstrate
that a correlated response to selection (reduced larval
size) may occur relatively quickly and may have substan-
tial, negative consequences for survival of larvae and juve-
niles. Because survival of larvae and juveniles may
strongly limit the abundance of benthic populations
(Bailey and Houde 1989; Caley et al. 1996), reduction in
larval size may have important consequences for popula-
tion dynamics. Management actions that guard against
the selective removal of large adults (e.g. reduced harvest
rates, slot limits on size of harvested ﬁsh, and/or estab-
lishment of marine protected areas; Berkeley et al. 2004b)
will likely slow ﬁshery selection (Trexler and Travis 2000;
Baskett et al. 2005) and slow or prevent the evolution of
smaller larvae. Retaining large ﬁsh in the population
would allow greater reproduction by individuals with
genotypes that produce larger larvae with greater survival
rates. Conserving large ﬁsh may therefore promote
recruitment success and help ensure greater sustainability
and resilience of ﬁshed populations.
Acknowledgements
Our sincerest thanks go to L. Krigsman, N. Schiel-Rolle,
C. Soto, and M. Weigner for all their hard work and
assistance in the ﬁeld and laboratory. We also thank B.
Gadd, I. Black, and the staff at the Perry Institute for
Marine Sciences, Lee Stocking Island, Bahamas. M.
Schmale graciously provided data describing larval and
juvenile growth. This manuscript comprises a chapter
from the senior author’s doctoral dissertation (M.A.H.
Major Professor) and beneﬁted greatly from reviews by
his graduate committee: S.J. Arnold, S.A. Heppell, D.W.
Schafer, and D. Robinson. Financial support was provided
by an NSERC postgraduate scholarship to D.W.J, by NSF
grants OCE-00-93976, OCE-05-50709, and OCE-08-51162
to M.A.H., and by grants to M.A.H. from NOAA’s
National Undersea Research Program, courtesy of the
Caribbean Marine Research Center. Additional support
for D.W.J. was provided by a fellowship from the
National Center for Ecological Analysis and Synthesis, a
center funded by the NSF (grant EF-0553768).
Literature cited
Allendorf, F. W., and J. J. Hard. 2009. Human-induced evolution
caused by unnatural selection through harvest of wild animals.
Proceedings of the National Academy of Sciences of the United
States of America 106:9987–9994.
Anderson, C. N. K., C. H. Hseih, S. A. Sandin, R. Hewitt, A.
Hollowed, J. R. Beddington, R. M. May et al. 2008. Why
ﬁshing magniﬁes ﬂuctuations in ﬁsh abundance. Nature 452:835–
839.
Bailey, K. M., and E. D. Houde. 1989. Predation on eggs and larvae of
marine ﬁshes and the recruitment problem. Advances in Marine
Biology 25:1–83.
Johnson et al. Fishery selection may reduce recruitment
ª 2011 Blackwell Publishing Ltd 4 (2011) 621–633 631Baskett, M. L., S. A. Levin, S. D. Gaines, and J. Dushoff. 2005. Marine
reserve design and the evolution of size at maturation in harvested
ﬁsh. Ecological Applications 15:882–901.
Berkeley, S. A., C. Chapman, and S. Sogard. 2004a. Maternal age as a
determinant of larval growth and survival in a marine ﬁsh, Sebastes
melanops. Ecology 85:1258–1264.
Berkeley, S. A., M. A. Hixon, R. J. Larson, and M. Love. 2004b.
Fisheries sustainability via protection of age structure and spatial
distribution of ﬁsh populations. Fisheries 29:23–32.
Browman, H. I., J. A. Hutchings, D. O. Conover, K. Stokes, R. Law,
and C. Walters. 2000. ‘Evolution’ of ﬁsheries science. Marine
Ecology Progress Series 208:299–313.
Caley, M. J., M. H. Carr, M. A. Hixon, T. P. Hughes, G. P. Jones, and
B. A. Menge. 1996. Recruitment and the local dynamics of open
marine populations. Annual Review of Ecology and Systematics
27:477–500.
Carlson, S. M., and T. R. Seamons. 2008. A review of quantitative
genetic components of ﬁtness in salmonids: implications for
adaptation to future change. Evolutionary Applications 1:222–238.
Chambers, R. C., and W. C. Leggett. 1996. Maternal inﬂuences on
variation in egg sizes in temperate marine ﬁshes. American Zoologist
36:180–196.
Cheverud, J. M., J. J. Rutledge, and W. R. Atchley. 1983. Quantitative
genetics of development: genetic correlations among age-speciﬁc
trait values and the evolution of ontogeny. Evolution 37:895–905.
Christie, M. R. 2010. Parentage in natural populations: novel methods
to detect parent-offspring pairs in large data sets. Molecular Ecology
Resources 10:115–128.
Christie, M. R., D. W. Johnson, C. D. Stallings, and M. A. Hixon.
2010. Self-recruitment and sweepstakes reproduction amid extensive
gene ﬂow in a coral-reef ﬁsh. Molecular Ecology 19:1042–1057.
Conover, D. O., and S. Munch. 2002. Sustaining ﬁsheries yields over
evolutionary time scales. Science 297:94–96.
Coulson, T., T. G. Benton, P. Lundberg, S. R. X. Dall, and B. E.
Kendall. 2006. Putting evolutionary biology back in the ecological
theatre: a demographic framework mapping genes to communities.
Evolutionary Ecology Research 8:1155–1171.
Darimont, C. T., S. M. Carlson, M. T. Kinnison, P. C. Paquet, T. E.
Reimchen, and C. C. Wilmers. 2009. Human predators outpace
other agents of trait change in the wild. Proceedings of the
National Academy of Sciences of the United States of America
106:952–954.
Einum, S., and I. A. Fleming. 2000. Highly fecund mothers sacriﬁce
offspring survival to maximize ﬁtness. Nature 405:565–567.
Fuiman, L. A., and J. Cowan. 2003. Behavior and recruitment success
in ﬁsh larvae: repeatability and covariation of survival skills. Ecology
84:53–67.
Goodnight, C. J., J. M. Schwartz, and L Stevens. 1992. Contextual
analysis of models of group selection, soft selection, hard selection,
and the evolution of altruism. American Naturalist 140:743–761.
Hairston, N. G. Jr, S. P. Ellner, M. A. Geber, T. Yoshida, and J. Fox.
2005. Rapid evolution and the convergence of ecological and
evolutionary time. Ecology Letters 8:1114–1127.
Heath, D. D., and M. Blouw. 1998. Are maternal effects in ﬁsh
adaptive or merely physiological side-effects? In T. A. Mousseau,
and C. W. Fox, eds. Maternal Effects as Adaptations, pp. 178–201.
Oxford press, Oxford, UK.
Heath, D. D., C. W. Fox, and J. W. Heath. 1999. Maternal effects on
offspring size: variation through early development of chinook
salmon. Evolution 53:1605–1611.
Heath, D. D., J. W. Heath, C. A. Bryden, R. M. Johnson, and C. W.
Fox. 2003. Rapid evolution of egg size in captive salmon. Science
299:1738–1740.
Hseih, C. H., S. C. Reiss, J. R. Hunter, J. R. Beddington, R. M. May,
and G. Sugihara. 2006. Fishing elevates variability in the abundance
of exploited species. Nature 443:859–862.
Johnson, D. W. 2007. Habitat complexity modiﬁes post-settlement
mortality and recruitment dynamics of a marine ﬁsh. Ecology
88:1716–1725.
Johnson, D. W., and M. A. Hixon. 2010. Ontogenetic and spatial
variation in size-selective mortality of a marine ﬁsh. Journal of
Evolutionary Biology 23:724–737.
Johnson, D. W., M. R. Christie, and J. Moye. 2010. Quantifying
evolutionary potential of marine ﬁsh larvae: heritability, selection,
and evolutionary constraints. Evolution 64:2614–2628.
Kirkpatrick, M. 1993. Evolution of size and growth in harvested
natural populations. In T. K. Stokes, J. M., McGlade, and R. Law,
eds. The Exploitation of Evolving Resources. Lecture Notes in
Biomathematics 99, pp. 145–154. Springer-Verlag, Berlin.
Kirkpatrick, M., and R. Lande. 1989. The evolution of maternal
characters. Evolution 43:485–503.
Kirkpatrick, M., D. Lofsvold, and M. Bulmer. 1990. Analysis of the
inheritance, selection and evolution of growth trajectories. Genetics
124:979–993.
Lande, R. 1979. Quantitative genetic analysis of multivariate evolution,
applied to brain-body size allometry. Evolution 33:402–416.
Lande, R., and T. Price. 1989. Genetic correlations and maternal effect
coefﬁcients obtained from offspring-parent regression. Genetics
122:915–922.
Law, R. 2000. Fishing, selection, and phenotypic evolution. ICES
Journal of Marine Science 57:659–668.
Law, R. 2007. Fisheries-induced evolution: present status and future
directions. Marine Ecology Progress Series 335:271–277.
Lynch, M., and B. Walsh. 1998. Genetics and Analysis of Quantitative
Traits. Sinauer, Sunderland, MA, USA.
Macpherson, E., and N. Raventos. 2005. Settlement patterns and
post-settlement survival in two Mediterranean littoral ﬁshes:
inﬂuences of early-life traits and environmental variables. Marine
Biology 148:167–177.
Marshall, T. C., J. Slate, L. E. B. Kruuk, and J. Pemberton. 1998.
Statistical conﬁdence for likelihood-based paternity inference in
natural populations. Molecular Ecology 7:639–655.
Marteinsdottir, G., and A. Steinarsson. 1998. Maternal inﬂuence on the
size and viability of Iceland cod Gadusmorhua eggs and larvae.
Journal of Fish Biology 52:1241–1258.
Marteinsdottir, G., and K. Thorarinsson. 1998. Improving the
stock-recruitment relationship in Icelandic cod (Gadusmorhua) by
including age diversity of spawners. Canadian Jounal of Fisheries
and Aquatic Sciences 55:1372–1377.
McCormick, M. I. 2006. Mothers matter: crowding leads to stressed
mothers and smaller offspring in marine ﬁsh. Ecology 87:1104–1109.
McKay, L. R., P. E. Ihssen, and G. W. Friars. 1986. Genetic parameters
of growth in rainbow trout, Salmo gairdneri, prior to maturation.
Canadian Journal of Genetics and Cytology 28:306–312.
Miller, T. J., L. B. Crowder, J. A. Rice, and E. A. Marschall. 1988.
Larval size and recruitment mechanisms in ﬁshes: toward a
conceptual framework. Canadian Journal of Fisheries and Aquatic
Sciences 45:1657–1670.
Morse, W. W. 1989. Catchability, growth, and mortality of larval ﬁsh.
Fishery Bulletin 87:417–446.
Fishery selection may reduce recruitment Johnson et al.
632 ª 2011 Blackwell Publishing Ltd 4 (2011) 621–633Munch, S. B., M. R. Walsh, and D. O. Conover. 2005. Harvest
selection, genetic correlations, and evolutionary changes in
recruitment: one less thing to worry about? Canadian Jounal of
Fisheries and Aquatic Sciences 62:802–810.
Myers, R. A., and N. G. Cadigan. 1993. Density-dependent juvenile
mortality in marine demersal ﬁsh. Canadian Journal of Fisheries and
Aquatic Sciences 50:1576–1590.
Pepin, P. 1993. An appraisal of the size-dependent mortality hypothesis
for larval ﬁsh: comparison of a multispecies study with an empirical
review. Canadian Journal of Fisheries and Aquatic Sciences 50:
2166–2174.
Perez, K. O., and S. B. Munch. 2010. Extreme selection on size in the
early lives of ﬁsh. Evolution 64:2450–2457.
Raventos, N., and E. Macpherson. 2005. Effect of pelagic larval
duration and size-at-hatching on post-settlement survivorship in
two temperate labrid ﬁsh of genus Symphodus. Marine Ecology
Progress Series 285:205–211.
Rijnsdorp, A. D. 1993. Fisheries as a large-scale experiment on
life-history evolution: disentangling phenotypic and genetic effects
in changes in maturation and reproduction of North Sea plaice,
Pleuronectes platessa L. Oecologa 96:391–401.
Robert, D., M. Castonguay, and L. Fortier. 2007. Early growth and
recruitment in Atlantic mackerel Scomber scombrus: discriminating
the effects of fast growth and selection for fast growth. Marine
Ecology Progress Series 337:209–219.
Saccheri, I., and I. Hanski. 2006. Natural selection and population
dynamics. Trends in Ecology & Evolution 21:341–347.
Schmale, M. C. 1981. Sexual selection and reproductive success in
males of the bicolor damselﬁsh, Eupomacentrus partitus (Pices:
pomacentridae). Animal Behavior 29:1172–1184.
Schmitt, R. J., S. J. Holbrook, and C. W. Osenberg. 1999. Quantifying
the effects of multiple processes on local abundance: a cohort
approach for open populations. Ecology Letters 2:294–303.
Shima, J. S. 1999. Variability in relative importance of determinants of
reef ﬁsh recruitment. Ecology Letters 2:304–310.
Shima, J. S., C. W. Osenberg, C. M. St Mary, and L. Rogers
(2006) Implication of changing coral communities: do larval
traits or habitat features drive variaiton in density-dependent
mortality and recruitment of juvenile reef ﬁsh? In Proceedings of
the 10th International Coral Reef Symposium, Okinawa, pp. 226–
231.
Smith, C. C., and S. D. Fretwell. 1974. Optimal balance between size
and number of offspring. American Naturalist 108:499–506.
Sogard, S. M. 1997. Size-selective mortality in the juvenile stage
of teleost ﬁshes: a review. Bulletin of Marine Science 60:1129–
1157.
Stokes, T. K., J. M. McGlade, and R. Law. 1993. The Exploitation of
Evolving Resources. Springer-Verlag, Berlin.
Swain, D. P., A. F. Sinclair, and J. M. Hanson. 2007. Evolutionary
response to size-selective mortality in an exploited ﬁsh population.
Proceeding of the Royal Society B 274:1015–1022.
Trexler, J. C., and J. Travis. 2000. Can marine protected areas restore
and conserve stock attributes of reef ﬁshes? Bulletin of Marine
Science 66:853–873.
Urpanen, O., T. J. Huuskonen, T. J. Marjomaki, and J. Karjalainen.
2005. Growth and size-selective mortality of vendace (Coregonus
albula(L.)) and whiteﬁsh (C. lavaretus (L.)) larvae. Boreal
Environment Research 10:225–238.
Venturelli, P. A. 2009. Evidence for harvest-induced maternal
inﬂuences on the reproductive rates of ﬁsh populations. Proceeding
of the Royal Society B 276:919–924.
Vigliola, L., and M. G. Meekan. 2002. Size at hatching and planktonic
growth determine post-settlement survivorship of a coral reef ﬁsh.
Oecologia 131:89–93.
Vigliola, L., P. J. Doherty, M. G. Meekan, D. M. Drown, M. E. Jones,
and P. H. Barber. 2007. Genetic identity determines risk of
post-settlement mortality of a marine ﬁsh. Ecology 88:1263–1277.
Wade, M. J. 1985. Soft selection, hard selection, kin selection, and
group selection. American Naturalist 125:61–73.
Wallace, B. 1975. Hard and soft selection revisited. Evolution 29:
465–473.
Walsh, M. R., S. B. Munch, S. Chiba, and D. Conover. 2006.
Maladaptive changes in multiple traits caused by ﬁshing:
impediments to population recovery. Ecology Letters 9:142–148.
Williams, D. A., J. Purcell, C. R. Hughes, and R. K. Cowen. 2003.
Polymorphic microsatellite loci for population studies of the bicolor
damselﬁsh, Stegastes partitus (Pomacentridae). Molecular Ecology
Notes 3:547–549.
Supporting Information
Additional Supporting Information may be found in the online version
of this article:
Appendix S1. Additional details on parentage analyses.
Appendix S2. Regression summaries and supporting statistics for
parent-offspring regressions.
Appendix S3. Estimation of genetic covariances and size-dependent
maternal effects.
Appendix S4. Larval size and relative mortality: approach 1.
Appendix S5. Summarizing selective mortality of larvae.
Appendix S6. Estimation of average survival of cohorts.
Please note: Wiley-Blackwell are not responsible for the content or
functionality of any supporting materials supplied by the authors. Any
queries (other than missing material) should be directed to the corre-
sponding author for the article.
Johnson et al. Fishery selection may reduce recruitment
ª 2011 Blackwell Publishing Ltd 4 (2011) 621–633 633